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ABSTRACT: An effective solution mixing method start-
ing from a synthesis solution of SiO, nanoparticles was
developed for dispersing nanoparticles into high-density
polyethylene (HDPE). Spherical SiO, nanoparticles with
narrow size distribution (50-100 nm) were prepared by Sto-
ber method, and solvents of the synthesis solution (EtOH/
NH,OH) were gradually replaced with toluene by evapora-
tion under reduced pressure. The SiO, nanodispersion, in
toluene and residual ethanol, was mixed and refluxed with
dissolved maleic anhydride grafted polyethylene (PEgMA)
at a relatively high SiO, content (17.8 wt %). The PEgMA-
SiO, masterbatch was filtered, dried under vacuum, and
mixed with HDPE by melt compounding. SiO, contents in
the final HDPE nanocomposites were 3 and 5 wt %. SEM
images of the masterbatch and final composites showed the

SiO, nanoparticles to be well dispersed in HDPE. No
agglomerates were observed. FTIR results suggest that the
interactions between the maleic anhydride group of PEgMA
and hydroxyl groups of SiO, surface involve ester and/or
hydrogen bonding. Addition of SiO, particles and PEgMA
to HDPE slightly increased Young’s modulus, tensile
strength, breaking strength, and elongation at break, indi-
cating enhanced toughness of the nanocomposites. The
measured Young’s moduli of HDPE-PEgMA-SiO, compo-
sites agreed well with Young’s moduli predicted by Mori-
Tanaka composite theory. © 2009 Wiley Periodicals, Inc. ] Appl
Polym Sci 116: 1218-1225, 2010
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INTRODUCTION

Polymer nanocomposites represent a new and rap-
idly developing area of materials research. Nanopar-
ticles, which have at least one dimension less than
100 nm, are added as filler material to polymers to
create nanocomposites with tailored physical and
mechanical properties. The filler content may be
very low, usually from 1 to 10 wt % suffices. Com-
posites containing nanomaterials have several
advantages over composites containing micron-sized
filler, including the lighter weight of the final prod-
uct and enhanced processing properties.'”

The preparation of nanocomposites presents sev-
eral challenges. Most important is the proper disper-
sion of nanoparticles into the polymer matrix; the
small size of the nanoparticles leads to high surface
energy, and the nanoparticles easily agglomerate.
Achieving enhanced properties of nanocomposites
also depends on a strong interaction between the
nanoparticles and matrix. Most polymers are hydro-
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phobic, and pretreatment of the nanoparticles, e.g.,
hydrophilic metal oxide nanoparticles, is often
required to make particles and polymers chemically
compatible.”™

The synthesis of spherical SiO, particles in ethanol
solution was published by Stober et al.® in 1968. The
method has subsequently been modified, and SiO,
nanoparticles prepared by the Stober method have
been widely studied.”'* The Stober method makes it
possible to alter the size and morphology of the
formed SiO, particles merely by changing the pro-
portion of reagents.® The particle size can be varied
from a few nanometers to a few micrometers.”

Only a few publications discuss polymer nano-
composites with Stober-like nanoparticles as fill-
ers.>?112 In studies of the mechanical and tribologi-
cal properties of epoxy nanocomposites, Zheng
et al.® found that modified spherical SiO, nanopar-
ticles (50 nm) decrease the friction coefficient and
increase the fracture toughness and tensile strength
of epoxy resin.® Ke et al.” encapsulated modified
SiO, particles into polystyrene (PS) and incorporated
the SiO,-PS composite particles into polyethylene
terephthalate matrix (PET). The PS-5iO, composite
particles were well dispersed in PET and accelerated
the crystallization by acting as nucleation centers.’

The main methods of preparing polyolefin-based
nanocomposites are melt mixing,'>™"> in situ poly-
merization,'”"” and solution mixing."® Of these
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methods, the last two are carried out in solution
phase, where high dispersions of nanoparticles can
be achieved and maintained during the preparation
by adjusting the surface chemistry of the nanopar-
ticles. The preparation of polyethylene nanocompo-
sites by solution mixing introduces the special prob-
lem that polyethylene dissolves in only a few
common solvents and dissolution requires elevated
temperatures.'® Because it lacks reactive functional
groups, polyethylene is also one of the most chal-
lenging polymer matrices for creating a chemical
coupling with nanoparticles.

We set out to find a straightforward method based
on solution-state mixing and, starting from the syn-
thesis solution of SiO,, to produce SiO, nanodisper-
sions in high-density polyethylene (HDPE). PEgMA
was used as a coupling agent to enhance the chemi-
cal compatibility between the polyethylene matrix
and nanosized SiO, particles. FTIR was used to char-
acterize the interactions. The nanosized SiO, par-
ticles were expected to influence the thermal and
mechanical properties of HDPE, and these were
studied by thermogravimetric analysis (TGA), differ-
ential scanning calorimetry (DSC), and tensile test-
ing. The measured Young’s moduli of HDPE-
PEgMA-5i0, composites were compared with the
Young’s moduli of composites predicted by Mori-
Tanaka composite theory.

EXPERIMENTAL
Materials

Ethanol (EtOH, Altia, 99.5%), tetraethoxysilane
(TEOS, Acros Organics, 98%), ammonia solution
(NH4OH, ].T. Baker, 25% in water), toluene (Riedel-
de Haén, 99.7%), and xylene (mixture of isomers
and ethyl benzene, Sigma-Aldrich) were used as
received. The HDPE (No. CG8410) was purchased
from Borealis Polymers Oy. The melt flow rate of
HDPE (p = 0.941 g/cms) was 7.5 g/10 min and the
melting range was 110-140°C. Maleic anhydride
grafted polyethylene (PEgMA, Polybond 3009) with
maleic anhydride level of 1 wt % was from Cromp-
ton-Uniroyal Chemical. The melt flow rate of
PEgMA (p = 0.95 g/cm’) was 5.6 g/10 min and the
melting point 127°C.

Synthesis of SiO, nanoparticles

Ethanol (1000 mL) and ammonia solution (60 mL)
were mixed in a reaction flask. TEOS (50 mL) was
added and the mixture was stirred overnight at
room temperature. The formation of SiO, particles
was observed as a white turbidity.

Preparation of SiO, nanocomposites

Part of the synthesis solution (EtOH/NH4OH) of the
SiO, nanoparticles was replaced with toluene using
a rotary evaporator under reduced pressure (60°C
water bath, 200-120 mbar). The synthesis solution
(1000 mL) was placed in a 2000-mL round-bottomed
flask, 400 mL of toluene was added, and the solution
was partially evaporated to decrease the volume of
ethanol. Three cycles of toluene addition (3 x 200
mL) and evaporation were carried out until a small
amount of SiO, precipitate appeared and, in all, 870
mL of solvent was evaporated. The white precipitate
was removed by filtration. The filtrate was a slightly
turbid SiO,-toluene-ethanol mixture. The pH of the
mixture was about 7 indicating that all NH,OH had
been removed.

PEGMA (40.5 g) was added to a reaction flask
with a ball condenser containing 400 mL of toluene,
and the mixture was heated under magnetic stirring
until the PEgMA dissolved in the toluene. Addition
of the SiO,-toluene-ethanol mixture (700 mL) to
refluxing toluene solution of PEgMA caused a white
precipitate to form. The precipitate was dissolved by
switching off the water flow of the condenser and
evaporating part of the solvent to remove ethanol.
Then, 300 mL of toluene was added to compensate
for the loss of solvent, and the mixture was stirred
and heated until it was clear. The mixture was
allowed to cool without stirring, and the PEgMA
began to crystallize. The precipitate was filtered,
washed with 700 mL of ethanol, and dried under
vacuum. The product, the PEgMA-S5iO, masterbatch,
was a white powder.

The final composites were produced using this
PEgMA-SiO, masterbatch as SiO, source and blend-
ing it with HDPE by melt compounding. Melt com-
pounding of polyethylene composites was made
with a DSM Midi 2000 extruder, and injection mold-
ing of test specimens was done with a DSM microin-
jection molding instrument. The melt compounding
of composites was performed under a nitrogen
atmosphere with a screw temperature of 200°C, a
screw rotation speed of 100 rpm, and a dwell time
of 5 min. Injection molding of the mechanical test
specimens was done with a piston pressure of 4-6
bar, a temperature of feed unit of 180°C and a mold
temperature of 40°C.

Characterization

SiO, nanoparticles were characterized by scanning
electron microscopy (Hitachi 5-4800). Samples,
where SiO, particles were in solution, were prepared
by the following method. A small amount of SiO,
solution was diluted in ethanol, one drop of diluted
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solution was placed on a copper grid with a lacey
carbon film, and the sample was left to dry.

The masterbatch powder was anchored on the
SEM sample stage with carbon tape, and the disper-
sion of the SiO, nanoparticles was characterized by
SEM.

The final dispersion of SiO, nanoparticles in
HDPE was observed from cut surfaces of the com-
posites by SEM. Slides of the composites (40 pm)
were cut with a Leica RM2165 rotary microtome with
steel blade. Slides were coated with Pt/Pd
alloy (layer thickness of 1.5-2 nm) to facilitate the
measurements.

Composite samples for scanning transmission elec-
tron microscopy (STEM) measurements were pre-
pared by dissolving a small amount of composite
sample in boiling xylene, placing one drop of this
solution on a copper grid and leaving the drop to
dry.

FTIR spectra were measured with a Nicolet Magna
750 FTIR spectrometer with scanning range of 600-
4000 cm™'. FTIR spectra of SiO, and the PEgMA-
SiO, masterbatch were measured using KBr tablets.
The FTIR spectrum of PEgMA was recorded from a
thin film of melted (190°C, 5 min) PEgMA.

POLLANEN ET AL.

TGA was made to determine the decomposition
temperature of the samples and the amounts of SiO,
in the masterbatch and in composites. TGA measure-
ments were performed on a Mettler Toledo TGA/
STDAS851° under a nitrogen gas flow (50 mL/min)
between 25 and 600°C with a heating rate of 20°C/
min. Three measurements were made of each sam-
ple, and the average of the measurements was calcu-
lated. The decomposition temperature of the samples
was determined as the intercept of the inflectional
tangent with the baseline before the transition. The
nanofiller content of the masterbatch and composites
was determined by evaluating the mass loss of the
polymer from the horizontal baselines of the TGA
curves.

DSC was carried out on a Mettler Toledo
DSC823°. Measurements were done under a nitrogen
gas flow (50 mL/min) between 25 and 200°C with
heating rate of 10°C/min. The DSC program
included two heating—cooling cycles. In the first
heating—cooling cycle, the thermal history of the
sample was removed, and in the second cycle, the
thermogram was recorded and the crystallinity of
the sample determined. Three parallel measurements
were made for each sample, and the crystallinity of

Figure 1 SEM images of SiO, nanoparticles in synthesis solution (a,b) and in toluene—ethanol mixture (c,d).

Journal of Applied Polymer Science DOI 10.1002/app
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the sample is reported as the average of the three
measurements. The integrated area between the
melting profile and baseline was determined over a
temperature range of 80-140°C, and the crystallinity
was calculated assuming a linear relationship
between the crystallinity and the integrated area cor-
responding to the melting enthalpy. For the samples
containing SiO,, the SiO, content obtained from
TGA determination was subtracted from the sample
mass. Crystallization temperatures of the samples
were determined from the second heating—cooling
cycle as the peak temperature of the crystallization
(cooling) curve.

Mechanical testing of composites was carried out
on material testing equipment (Zwick Z010/TH2A
model 2001) with a crosshead speed of 50 mm/min.
Calculations were performed with TestXpert version
8.1 software. Six standard tensile specimens were
tested for each series.

The Young’s modulus of composites containing
micron-sized fillers can be predicted by a model
based on Mori-Tanaka composite theory. The princi-
ples and details of the theory have been presented
elsewhere."” ™ According to Tandon and Weng,*'
the longitudinal and transverse modulus (E;; and
E»y) of composites are expressed with the following
equations.

En A

- 1
E. A+ (I)f(A1 + 2vimAy) M
Ex _ 2A
E., 2A+ D[—2vin Az + (1 — vin)As + (1 + vin ) As A
2)

where E,, and v,, are the Young’s modulus and Pois-
son’s ratio of the matrix and ®f is the volume frac-
tion of the filler. Functions of Eshelby’s tensor (A,
A4, Ay, Az, A4, and Ajs) depend on properties of the
filler and matrix. For spherical particles, the compos-
ite stiffness tensor is isotropic and Ej1= Ep. 19722

Density of 2.204 g/cm®, Poisson’s ratio of 0.1763,
and Young’'s modulus of 74.58 GPa for SiO, were
used for the calculations.”® Young’s moduli meas-
ured for HDPE-PEgQMA reference samples (0.67-0.65
GPa) were used as Young’s moduli of the matrix.
Poisson’s ratio for HDPE (0.35) is according to the
literature.***

RESULTS AND DISCUSSION

Synthesis of SiO, nanoparticles and preparation of
Si0, nanocomposites

In the synthesis of the nanometer-sized SiO, par-
ticles from TEOS by Stober method, part of the syn-
thesis solution containing aqueous NHj; and ethanol

was replaced with toluene by evaporation under
reduced pressure. The aim of this solvent exchange
was to alter the solution environment of the SiO,
particles: dispersion of SiO, nanoparticles into
PEgMA by solution mixing is more favorable when
the nanoparticles are present in toluene-ethanol mix-
ture rather than in pure ethanol. Ethanol has a lower
boiling point than toluene and could cause strong
foaming during the solution mixing of SiO, and
PEgMA. Solvent exchange in the SiO,-ethanol solu-
tion used in Stober synthesis proved feasible and
has previously been applied® for surface modifica-
tion of 5iO, nanoparticles.

5i0, nanoparticles in toluene—ethanol mixture
were mixed with maleic anhydride grafted polyeth-
ylene (PEgMA) dissolved in toluene to produce a
PEgMA-5i0, masterbatch with high SiO, content
(17.8 wt %, based on TGA). The masterbatch was fil-
tered and dried under vacuum to remove the sol-
vent residue. Melt compounding of the masterbatch
with HDPE gave HDPE-PEgMA-SiO, nanocompo-
sites with SiO, contents of 3 or 5 wt % according to
TGA. PEgMA content in the composites was 14 and
23 wt %, respectively.

£4800 1 5kV

Figure 2 SEM images of PEgMA-SiO, masterbatch with
SiO, content of 17.8 wt %.
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Figure 3 SEM images of cut surface of HDPE-PEgMA (30 wt %) reference (a,b) and HDPE-PEgMA (23 wt %)-SiO,

(5 wt %) composite (c,d).

SEM characterization of SiO, dispersions at
different stages of preparation

SiO, particles appeared in the synthesis solution
(EtOH/NH4OH) as a white turbidity. SEM observa-
tions showed the SiO, particles to have a narrow
size distribution, 50-100 nm. Nanoparticles were
well separated on the copper grid, indicating a high
dispersion in the synthesis solution [Figure 1 (a,b)].
After addition of toluene and evaporation of part
of the solution, the SiO,-toluene-ethanol mixture
was only slightly turbid, and occasionally, a blue
color could be seen. We found that, in the replace-
ment of the synthesis solution with toluene, some
ethanol had to be left in the mixture to prevent
agglomeration of the SiO, particles. Evidently, etha-
nol stabilizes the surface of the particles in nonpolar
toluene. According to Ghosh et al.,” SiO, nanopar-
ticles are stable in supercritical ethanol even at high
pressures, and over a wide temperature range of 25—
300°C. The exact proportions of solvents in the SiO,-
toluene-ethanol mixture were not determined; the
evaporation was merely halted when a small precip-
itation of white solid was seen in the mixture. SEM

Journal of Applied Polymer Science DOI 10.1002/app

images of SiO, nanoparticles in the SiO,-toluene-
ethanol mixture are presented in Figure 1 (cd).
Good separation of the particles on the copper grid
indicates that the particles remain nanodispersed
during the solvent exchange procedure.

Solution mixing is a promising method to disperse
SiO, nanoparticles in PEgMA because it does not
involve drying of particles, which may lead to
agglomeration.'”'* Figure 2 presents a high-level
dispersion of SiO, nanoparticles in PEgMA. The
amount of SiO, particles in the PEQMA-SiO, master-
batch is relatively high, which could cause some
clustering of the particles. Although some of the par-
ticles could have been washed out during the prepa-
ration and washing of the masterbatch, most of
them appear to stay in the PEgMA. This indicates
interaction between the nanoparticles and PEgMA
matrix. The retention of particles in PEgMA was
confirmed by SEM analyses of the filtrate and etha-
nol washing solutions: only a few particles were
found.

Dispersions of SiO, particles in the HDPE-
PEgMA-5i0, composites were studied by SEM. The
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cut surfaces of the HDPE-PEgMA (30 wt %) refer-
ence sample and HDPE-PEgMA (23 wt %)-S5iO(5 wt
%) composite are presented in Figure 3. The SEM
image of the HDPE-PEgMA (30 wt %) reference
shows good compatibility between HDPE and
PEgMA. SiO, particles in HDPE-PEgMA were uni-
formly dispersed, and no agglomerations were
present.

The degree of agglomeration in composites was
also studied by STEM. Since STEM characterization
requires a very thin sample (<100 nm), films were
specially prepared for the purpose by placing a drop
of the composite solution in hot xylene on a copper
grid. Figure 4 shows that the SiO, particles are well
separated. Since dissolving the composite in xylene
would not be sufficient to break down any agglomer-
ates, the results confirm the SEM observations,
namely, no SiO, agglomerations are present in HDPE.

FTIR characterization of interactions in
PEgMA-SiO, masterbatch

The interactions between the surface of SiO, nano-
particles and PEgMA were investigated by FTIR.

Figure 4 STEM images of dissolved HDPE-PEgMA (23
wt %)-SiO, (5 wt %) composite obtained from refluxing
xylene.

FTIR spectra of PEgMA (a), SiO, (b), and the
PEgMA-SiO, masterbatch (c) are presented in Figure
5. A new band at 1741 cm™' is seen in the FTIR
spectrum of the PEQMA-5iO, masterbatch, indicating
interaction between the maleic anhydride group and
a hydroxyl group.”® Moreover, the intensities of
characteristic peaks of the anhydride group of
PEgMA (C=O stretching) at 1867 and 1792 cm ™' are
decreased in the spectrum of the PEgMA-S5iO, mas-
terbatch confirming that the anhydride group has
reacted. The interaction between the maleic anhy-
dride and hydroxyl groups can be either ester and/
or hydrogen bonding.*®** The maleic anhydride of
PEgMA could be interacting with the hydroxyl
groups of SiO, and/or the hydroxyl group of the
stabilizing ethanol left in the mixture to prevent
agglomeration of the SiO, particles during the sol-
vent exchange procedure. On the other hand, the
hydroxyl band of SiO, at 3300-3400 cm ™' is still
present in the IR spectrum of the PEgMA-SiO, mas-
terbatch, indicating that only part of the hydroxyl
groups on the SiO, surface have reacted with
PEgMA.*

Thermal and mechanical properties of
SiO, composites

Thermal properties of HDPE, PEgMA, the PEgMA-
SiO, masterbatch, and HDPE-PEgMA-SiO, compo-
sites are presented in Table I. According to TGA, the
decomposition temperatures (471-473°C) of HDPE
nanocomposites were almost independent of SiO,
content and close to the decomposition temperature
of HDPE (467°C). According to DSC measurements,
the addition of SiO, particles did not change the
crystallinities of the HDPE (47.5-50.5%) or PEgMA
(60.8-59.3%). The crystallization temperatures of
HDPE, PEgMA, and HDPE-PEgMA-SiO, composites
were all within the range 116-118°C.

Mechanical properties of HDPE-PEgMA-SiO,
composites were measured and compared with
those of the reference samples (HDPE and HDPE-
PEgMA). The results are presented in Table IL
Addition of SiO, particles and PEgMA to HDPE
caused a slight increase in Young’s modulus,
breaking strength, tensile strength, and elongation
at break, indicating enhanced toughness of the
nanocomposites.

The measured Young’s moduli of HDPE-PEgMA-
SiO, nanocomposites were compared with Young's
moduli of composites predicted by Mori-Tanaka
composite theory. Although the Mori-Tanaka model
was developed for composites containing micron-
sized fillers, it is also suitable for predicting the
properties of nanocomposites since only the shape
and volume fraction of the filler are required for
modeling of the elastic modulus. As a continuum

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 FTIR spectra of PEgMA (a), SiO, (b), and PEgMA-SIiO, (17.8 wt %) masterbatch (c) with scanning ranges of
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TABLE I
Thermal Properties of HDPE and HDPE-PEgMA-SiO, Composites
Sample Residue at SiO, content Decomposition Crystallinity Crystallization
(wt % in composite) 600°C (wt %) (wt %) temperature (°C) (%) temperature (°C)
HDPE 0.5 - 467 = 3 475+ 0.3 117.4 = 0.2
PEgMA 0.8 - 468 = 2 60.8 = 0.1 116.1 = 0.7
PEgMA-SiO, masterbatch 17.8 471 = 3 59.3 = 0.5 115.8 = 0.6
HDPE-PEgMA(30) 0.3 - 473 = 0 49.8 + 0.4 1172 = 0.2
HDPE-PEgMA (14)- SiO,(3) 3.0 472 = 2 505 = 0.4 118.1 = 0.1
HDPE- PEgMA (23)- SiO5(5) 5.1 471 + 2 503 + 0.5 117.8 = 0.1
TABLE II
Mechanical Properties of HDPE and HDPE-PEgMA-SiO, Composites
Sample (wt % Young's Breaking Tensile Elongation

in composite)

modulus (GPa) strength (MPa) strength (MPa)

at break (%)

HDPE
HDPE-PEgMA(15)
HDPE-PEgMA (30)
HDPE-PEgMA (14)- SiO5(3)
HDPE- PEgMA (23)- SiO,(5)

0.57 = 0.03 124 = 0.7 13.7 = 04
0.67 = 0.06 139 = 1.0 14.8 = 0.8
0.65 = 0.05 143 = 1.0 154 = 0.8
0.66 = 0.03 142 = 1.0 152 = 0.8
0.71 = 0.05 14.6 = 0.4 155 = 0.3

319 = 49
395 = 25
426 + 46
408 = 33
443 = 13

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Measured and Predicted Young’s Moduli of HDPE-
PEgMA-SiO, Composites

Young’s modulus (GPa)
Mori-Tanaka

Sample (wt % in

composite) Experimental theory
HDPE 0.57 = 0.03
HDPE-PEgMA(15) 0.67 = 0.06

HDPE-PEgMA (30) 0.65 + 0.05
HDPE-PEgMA(14)-5i0,(3) 0.66 + 0.03 0.69
HDPE-PEgMA(23)-Si0,(5) 0.71 = 0.05 0.68

model, it also assumes that the filler is firmly
bonded to the matrix, while the matrix—filler inter-
face is not considered.’”** A comparison of the
measured and predicted Young’s moduli of the
HDPE-PEgMA-SiO, nanocomposites is presented in
Table IIl. The good agreement between the meas-
ured and predicted values indicates that there is
interaction between the SiO, nanoparticles and
PEgMA, and that the SiO, nanoparticles have a rein-
forcing effect on HDPE-PEgMA.

CONCLUSION

Solution mixing starting from a synthesis solution of
nanoparticles is a promising method to prepare
nanodispersions of SiO, in HDPE. Since no drying
of nanoparticles is required, the formation of
agglomerates is avoided. According to SEM observa-
tions, the SiO, nanoparticles remain well separated
during the solvent exchange and preparation of the
masterbatch. The SiO, particles are also well dis-
persed in the final HDPE composites. We conclude
that the developed stepwise method provides a use-
ful approach to achieving excellent dispersion of
nanoparticles in polyolefins. Given the high level of
dispersion of the mnanoparticles in HDPE, the
improvement in mechanical properties was less than
expected, indicating only moderate chemical cou-
pling between SiO, nanoparticles and PEgMA. Our
measured mechanical properties indicate that,
besides good dispersion, a stronger interaction of the
SiO, particles with the HDPE matrix is required for
effective tailoring of the properties of composites.

1225

The next challenge will be to create stronger interac-
tions between particles and matrix.
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